Abstract Long Terminal Repeat retrotransposons (LTRRTs) are a major component of several plant genomes. Important insights into the evolutionary dynamics of these elements in a genome are provided by the comparative study of their insertion times. These can be inferred by the comparison of pairs of LTRs flanking intact LTR-RTs in combination with an estimated substitution rate. Over the past several years, different substitution rates have been proposed for LTRs in crop plants. However, very little is known about the extent of substitution rate variation and the factors contributing to this variation, so the rates currently used are generally considered rough estimators of actual rates. To evaluate the extent of substitution rate variation in LTRs, we identified 70 orthologous LTRs on the short arms of chromosome 3 of both Oryza sativa and Oryza glaberrima, species that diverged ∼0.64 Ma. Since these orthologous sequences were present in a common ancestor prior to species divergence, nucleotide differences identified in comparing these regions must correspond to mutations accumulated post-speciation, thereby giving us the opportunity to study LTR substitution rate variation in different elements across these short arms. As a control, we analyzed a similar amount of non-repeat-related sequences collected near the orthologous LTRs. Our analysis showed that substitution rate variation in LTRs is greater than 5-fold, is positively correlated with G+C content, and tends to increase near centromeric regions. We confirmed that in the vast majority of cases, LTRs mutate faster than their corresponding non-repeat-related neighboring sequences.
Introduction
Long Terminal Repeat (LTR) retrotransposons (RTs) are widespread and ubiquitous in the plant kingdom (Flavell et al. 1992; Voytas et al. 1992; Suoniemi et al. 1998) where they constitute significant portions of many genomes (Feschotte et al. 2002; IRGSP 2005; Tuskan et al. 2006; Jaillon et al 2007; Zuccolo et al. 2007; Ming et al. 2008) . They contribute actively to genome size variation (Hawkins et al. 2006; Piegu et al. 2006; Neumann et al. 2006; Ammiraju et al. 2007 ) and gene expression (Varagona et al. 1992 ; Leprinc et al. 2001; Kashkush et al. 2003) and are involved in genome rearrangements (Ma et al. 2005 ).
Because of their potentially mutagenic effects, transposable
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Useful information about the "history" of LTR-RTs in a genome is provided by the comparative study of their insertion times in the host genome that can be inferred from the comparison between the two LTRs from each individual element. Due to the mechanisms of retrotranscription and insertion, LTR-RTs contain two identical LTRs at the moment of insertion (Lewin 1997) . Over time, each LTR in a pair accumulate independent mutations and diverge (SanMiguel et al. 1998) . Thus, sequence comparison between pairs of divergent LTRs allows one to estimate when an insertion in the host genome occurred when combined with an appropriate substitution rate.
Although substitution rates have been made for genes (Gaut et al. 1996) and LTR-RTs (Ma and Bennetzen 2004; Vitte et al. 2004 ), very little is known about the extent of LTR-RT substitution rate variation as well as the factors contributing to this variation. To better understand substitution rate variation associated with LTR-RTs and factors contributing to such variation, we took advantage of a unique plant within-genus sequence data set of chromosome 3 short arms from two cultivated Oryza speciesOryza sativa ssp. japonica (Asian rice) and Oryza glaberrima (West African rice). The length of the two chromosome 3 short arms studied is 17,111,432 bp in the case of O. glaberrima and 19,401,704 in that of O. sativa. We identified all orthologous LTR insertions between O. sativa and O. glaberrima, inferred their substitution rates, and then compared these rates with flanking sequences unrelated to TEs. We found that the substitution rates in LTRs vary by more than 5-fold, that this variation is positively correlated with the G+C content, and tends to increase near the centromere. (Jurka et al. 2005) and an in-house collection of LTR retrotransposons isolated in O. sativa were used to search the O. sativa Chr3S pseudomolecule (IRGSP Version 4) for the presence of LTRs (from complete LTR-RTs, solo-LTRs, and LTRs from truncated elements (the latter defined as elements having internal coding domains but lacking of a clear second LTR)). Similarity searches were carried out using the program RepeatMasker (www.repeatmsker.org) and the algorithm BlastN (Altschul et al. 1997) . All the LTRs identified in the O. sativa Chr3S were extracted along with significant portions of flanking genomic sequence (non-repeat-related flanking sequences: NRR) according to the rules depicted in Fig. 1 . The tracts (LTR+NRRs) were then compared through similarity searches against the O. Fig. 1 Description of different kinds of orthologous tracts used for analysis. a Complete orthologous retrotransposons: LTR pairs were extracted along with two nearby genomic regions (NRRs) having a length similar to that of the LTR (λ bp). b Truncated orthologous retroelements: only the LTR was extracted plus a nearby genomic region (NRR) of similar length (λ bp). c Solo-LTRs: the LTR was extracted plus an overall similar amount of genomic sequence represented by two genomic tracts (NRR) flanking both sLTR ends (λ/2 bp each). Other details are in the text.
Materials and methods

Sequence data
glaberrima BAC sequences spanning the complete O. sativa Chr3S to identify candidate orthologous insertions. Nucleotide similarity greater than 85% all over the complete length of the alignment was required to identify orthologous candidates (Supplementary Figure 1) . Putative orthologous insertions were then confirmed by means of dot plot comparisons: sequence tracts including 10 Kbp upstream and 10 Kbp downstream from the orthologous insertion in both Oryza spp. were compared to each other using the program Dotter (Sonnhammer and Durbin 1995) and manually inspected (Supplementary Figure 2) . Orthologous insertions were then extracted from both species. The NRR tracts were screened a second time using a public collection of repeats to remove all detectable transposable element-related sequences. In particular, we discarded from our analysis all the LTRs nested into other TEs.
Sequence data analyses The orthologous LTR+NRR tracts were aligned using the program "Stretcher" (EMBOSS package- Rice et al. 2000) and were edited using the program JalView 2.3 (Clamp et al. 2004) . Genetic distances between orthologous tracts (i.e., LTRs and non-repeat flanking sequences) were estimated using the Kimura 2 parameters method (Kimura 1980) as implemented in the program "Distmat" (EMBOSS package- Rice et al. 2000) . Mutations were analyzed using the program DNAsp V.4 (Rozas et al. 2003) . The G+C content was determined using a custom PERL script available upon request.
Statistical analyses All the statistical analyses were carried out using scripts implemented in R language (R Development Core Team 2009).
Results
Comparison of the O. glaberrima and O. sativa Chr3S sequences (see "Materials and methods") revealed the presence of 70 orthologous LTR insertions, comprising 28 LTRs from 14 complete retroelements, 24 solo LTRs, and 18 LTRs from trunctated LTR-RTs, totaling 103,963 bp from orthologous LTRs and 91,954 bp from orthologous NRRs. The 14 complete elements were checked for the presence of target site duplications (TSD): all but one have TSDs. Orthologous LTR sequences were collected along with genomic sequences (NRR) flanking each LTR sequence (similar in size to each LTR sequence; Fig. 1 ). Since the Oryza genome is riddled with repetitive elements and their remnants (IRGSP 2005) , all flanking NRR sequences were carefully inspected to identify and remove any kind of repetitive sequence that could be detected. The orthologous tracts (LTR+NRR) were aligned and manually inspected to identify all substitutions that accumulated in both the LTR and NRR sequences, respectively, since speciation took place (Supplementary Figure 1) . Since the orthologous tracts were present in a common ancestor of O. sativa and O. glaberrima before species divergence, substitutions identified in both the LTR and NRR sequences of both species should have accumulated during the same amount of time. This is true for all the orthologous tracts isolated and thus offers a unique opportunity to study substitution rate variation in LTRs across the Chr3S.
Assessing the extent of nucleotide distance variation in LTRs and NRRs Analyzing these regions enabled us to compare the nucleotide distance between LTR and NRR sequences as well as between different LTRs in different chromosomal regions. Nucleotide distances were calculated using the Kimura 2 parameters (K2p) method (Kimura 1980) (Supplementary Table 1 ). As expected, in almost all cases (61 out of 70), LTRs accumulated greater nucleotide distance than their corresponding NRR sequences (Supplementary Table 1 ). The distribution of nucleotide distances in the two sets was analyzed using the MannWhitney test indicating that they were significantly different (p<0.0001). Furthermore, the variation in nucleotide distance for LTR and NRR regions was totally unrelated (n=70; r=0.0214; p=0.8604; Fig. 2 ). This result clearly indicates LTR-NRR pairs have different substitution rates. The nucleotide K2p distances for LTRs ranged 5.9-fold, from 0.0094 to 0.0552, with an average value of 0.0282, whereas the K2p distances for the NRR regions varied between 0 and 0.0298 (average=0.0130), less than half that of the LTRs distances (Fig. 3 ). The differences between nucleotide distance average values for NRRs and LTRs were statistically significant (Student's t test: p<0.0001).
Two thirds of LTR nucleotide distances fell within a 2-fold range (0.0162-0.0332), whereas 60% of the nucleotide distances varied 3-fold (0.005-0.0152) for the NRR sequences. This fact was reflected by the coefficients of variation that were 37.6% and 55.5% for LTR and NRR distances, respectively, indicating a greater degree of variation for nucleotide distances in the NRR flanking regions. To reduce the possible contribution of LTRs from complete LTR-RTs to the homogenization of nucleotide distances for LTRs alone, we recalculated the coefficient of variation for LTRs by removing all three LTRs from the complete elements. A very similar value for the coefficient of variation was obtained-38.52%. The ratio of nucleotide distances in LTR-NRR pairs varied between 0.422 and 14.609 reflecting the lack of correlation between variation in nucleotide distance for LTR and NRR regions.
Characterization of the forces behind nucleotide distance variation
To better understand the cause of differential substitution rates in LTR vs. NRR sequences, we cataloged base pair changes that occurred in each orthologous LTR and NRR sequence (Table 1) . For LTRs, the overall frequency of G:C <-> A:T mutations was 0.01097 per nucleotide (95% confidence interval=0.0103-0.0116), whereas in NRR sequences, it was less than half that of LTRs at 0.0043 (confidence interval=0.0038-0.0047). Although we lack direct information about the ancestral state of LTR nucleotides to determine mutation directionality (C to T or vice versa?), we tried to infer it by exploiting the availability of LTR quadruplets provided by the 14 pairs of intact orthologous LTR retroelements that we identified. Since all LTRs from a single pair of intact orthologous elements are predicted to be highly similar, it is possible to infer the original base in a substitution event by comparing the corresponding position in the four LTRs: if three out of four sites have, for instance a C, and the fourth position has a T, we consider this is good evidence that the original base was a C.
Parsing a total of 341 informative sites, we found a preponderance (315 to 26) of C to T (or G to A) mutations over the reverse suggesting that the mutation path from C to T remains the most common scenario in the case of LTR retrotransposon-related sequences. This possibly reflects the effects of cytosine methylation (Duncan and Miller 1980) .
All remaining substitution types did not exhibit significant differences between NRRs and LTRs.
The G+C content of LTRs was, on average, greater than that of the NRRs (45.66% vs. 41.56%; p=9e-04 derived from a t test comparing distributional means). When LTR and flanking NRRs were considered together, the G+C content was greater for LTRs than NRRs in 73% of the cases (51 of 70). For the remaining 19 cases, five had higher substitution rates in NRRs than in LTRs, suggesting a possible effect of G+C content on substitution rate.
To rigorously determine if nucleotide variation rates for both the LTR and NRR flanking sequences were associated (and to which extent) with their positions along the Chr3S and G+C content, we used a multiple linear regression model. The dependent variable was the nucleotide distance, and the predictive variables were the position of the sequence on the chromosome and G+C content. In the case of LTRs, the regression results indicated that both position and G+C content are significantly associated with substitution rate. For every one million base pairs in position change along the chromosome towards the centromeric region, nucleotide distance increases by about 0.0006 (95% confidence interval, 0.00007 to 0.00011; Fig. 4) . Similarly, a 1% increase in G+C content is associated with a 0.0007 increase in nucleotide distance. The ANOVA results indicate that G+C content accounts for about twice the variability of sequence position along the chromosome. Together, they account for 14% of total variation (Table 2) . Nucleotide distances in the NRR regions are also positively associated with position along the chromosome and G+C content. Nucleotide distance increases by about 0.0004 for every one million base pairs of position change along the chromosome towards the centromeric region (95% confidence interval, 0.00004 to 0.00075). A 1% increase in G+C% content is associated with a 0.0002 increase in nucleotide distance. About 12% of the total variation in nucleotide distance is accounted for by these two factors.
To determine if K2p nucleotide distance variation was different between LTR-RT families, we identified and analyzed nine families that contained three or more members on Chr3S. For all families, we detected a large amount of variation of K2p nucleotide distances ranging from 1.43 fold for the Ty1-copia element family OSR_8 to 4.00 fold for the Ty3-gypsy RIRE10 family (Table 3) : this result indicates that whatever the mechanism(s) causing mutations is, it does not appear to be family specific. 
Evaluating the errors introduced by the current LTR-RT dating methodology
Since 1998 (SanMiguel et al. 1998 ), analysis of sequence divergence between paired LTRs from intact LTR-RTs, coupled with a molecular clock, has been the accepted method used to estimate the insertion times of LTR-RTs in plant genomes. Our analysis revealed the presence of 14 complete orthologous LTR-RTs between O. glaberrima and O. sativa which must have inserted into the genome of the common ancestor of these species. Insertion time estimates for these elements should, therefore, yield the same result in the two species if a single substitution rate really applies, and indeed, in 10 of 14 cases, the estimated insertion time varied less than 0.3 million years between the two species when the substitution rate of 2 × 10 −8 mutations per synonymous site per year is used (Vitte et al. 2004 ). However, in the four remaining cases, we found one LTRpair having a K2p distance almost twice as high in O. glaberrima than O. sativa (0.0629 vs. 0.0331; Table 4 ), leading to approximate insertion times of 1.57 and 0.83 million years, respectively. The significant divergence of some of these estimates is indicative of an error introduced by using a single substitution rate for these species, which shared a common ancestor some 640,000 years ago, but have since experienced different evolutionary histories. In addition to the identification of significant variation in K2p distance rates between pairs of orthologous LTR between species, we also observed LTR pairs from the same elements that accumulated different numbers of mutations during the same time period, post-speciation. For example, we found one case where the K2p distance rates varied by more than 2-fold (0.0442 vs. 0.0203), and in only two cases out of 14 where the K2p distance rates less that 10% between LTR pairs (Table 4) .
Discussion
The half-life of LTR retrotransposable elements in cereals has been estimated to be approximately six million years (Ma et al. 2004 Only families having at least three elements in the Chr3S were considered. Variation is the ratio between the highest and the lowest K2p distance values for the elements of that family. %GC is the G+C content: value is the average of the orthologous LTRs Rice (2010) 3:242-250 rate variation across genera (e.g., rice-maize-sorghum) are virtually impossible. Here, we used a within-genus model system to assess the extent of LTR substitution rates by scanning highly accurate Sanger-sequenced Chr3S pseudomolecules from O. sativa and O. glaberrima for orthologous transposable elements and their derivatives. These species diverged from a last common ancestor 0.64 Ma (Ma et al. 2004 ) and offer an ideal evolutionary vista to analyze nucleotide rate variation in both LTR-RTs and neighboring sequences. The orthologous tracts used in this analysis comprised two contiguous LTR and NRR sequences of approximately the same lengths and were assumed to be subjected to the same "environmental pressures" since both sequence types are physically linked in the same genomic location. Thus, different mutational behavior between LTR and NRR sequences could be ascribed directly to the different nature of the sequences (i.e., LTR-RT vs. intergenic). Comparison of nucleotide distances in LTRs versus NRRs showed that in most cases (61 of 70) LTRs were evolving more rapidly than NRRs. We found only nine cases where NRR sequences were evolving faster, five of which had higher G+C contents that could explain the higher K2p distance rates. For the four remaining cases, an alternative hypothesis could be that the flanking LTRs are under evolutionary constraint or that the NRR regions actually contain uncharacterized repeats that were not detected during similarity searches.
Calculated nucleotide distances showed significant variation across the Chr3S RefSeq for both LTR and NRR sequences with a tendency to increase towards the centromeric region. The magnitude of variation in the case of LTRs spanned an almost 6-fold range. Variation of nucleotide distances is largely expected for coding genes (Wolfe et al. 1989; Zhang et al. 2002) and has recently proved to be significant also for intergenic regions in Arabidopsis (DeRose-Wilson and Gaut 2007) . The nucleotide distances calculated for LTRs in most of the cases studied here were higher than that of the nearby NRR sequences; however, the degree of variation for nucleotide distances was smaller for LTRs than that for NRRs. This evidence can be explained considering that the species The clear lack of a relationship between the nucleotide distance in LTRs and flanking NRR sequences suggests that whatever the mechanism(s) acting on LTRs is, it does not extend its effects to the immediate flanking sequences (as far as mutations are involved). Our data also demonstrated that the mechanism(s) inducing these mutations was not specific to one LTR-RT family over another. We identified at least two features of LTRs that appear to be important contributors to nucleotide distance variationnamely, G+C content and sequence position along the chromosome. It is clearly evident that nucleotide distances are positively correlated with G+C content, not only with LTRs but also with NRRs. Our results are consistent with previous findings that showed a positive correlation with G+C content and nucleotide substitution rates in Arabidopsis thaliana and Arabidopsis lyrata (DeRose-Wilson and Gaut 2007) . Similarly, it is evident that substitution rate variation for both LTRs and NRRs increases towards the centromeric regions. This evidence agrees with recent findings in A. thaliana where a higher mutation rate in pericentromeric regions has been demonstrated (Ossowski et al. 2010) . However, G+C content and position along the chromosome alone cannot explain all the variation. GC dinucleotides, CpNpG, and CpHpHp trinucleotides are known to be one of the major targets for DNA methylation (Gruenbaum et al. 1981) , and DNA methylation in turn is one of the methods used by host genomes to control the chaotic effects of transposable element proliferation (Kumar and Bennetzen 1999; Zilberman and Henikoff 2004) . Importantly, a certain amount of direct correlation between methylation and the position of genes along the chromosome has been demonstrated in A. thaliana where genes near centromeres were found to have a higher likely hood of being methylated (Zilberman et al. 2006 ). Our analysis demonstrated that the vast majority of differences in the frequency of substitution between LTRs and flanking NRRs could be ascribed to mutations possibly affecting cytosines (G:C ->A:T) which are targets of DNA methylation. In contrast, when the frequency of substitutions is compared between bases that are normally not methylated, no significant differences could be identified between LTRs and flanking NRR tracts. It is easy to speculate that the major driving force behind the mutation rate variation patterns described in this paper, including the positive correlation with G+C content and the increasing trends towards centromeres, is possibly associated with methylation. This hypothesis can be tested by performing a detailed characterization of methylation patterns in the LTR-RT pool which is beyond the scope of this work.
The molecular paleontology method of LTR-RT insertion dating has never claimed to provide rigorous and exact insertion time estimates because the pitfalls of using a single substitution rate for a population of LTR retrotransposons are well known (SanMiguel et al. 1998; Pereira 2004; Ma and Bennetzen 2006; Piegu et al. 2006) . This work provides the first assessment of the extent of substitution rate variation affecting LTRs in a population of LTR retrotransposons in two closely related species. It should, however, be noted that this work, because of its experimental design, focused only on elements older than 0.64 million years. The amount of nucleotide distance variation on younger elements remains to be assessed. Our data confirm the cautious approaches that have characterized the use of the molecular paleontology dating so far. Since LTR variation rates were shown to span a nearly 6-fold range, LTR-RT insertion time dating that relies on a very general and approximate substitution rate is prone to severe errors. Such errors not only occur when different elements are analyzed in the same species but also, although to a lesser extent, when the same element is studied in two different but closely related species. These limitations indicate that LTR-RT insertion time estimate should be considered as a general qualitative assay rather than a quantitative estimation.
